The discovery in this laboratory by Lynch and French (1) that A3-carotene partially restores the photochemical activity lost by petroleum ether extraction of chloroplasts suggests that this pigment is ain active component of the photosynthetic mechanism. This observation prompted the present inquiry to determine whether ,8-carotene is specific for such reactivation or whether other fat soluble components in the petroleum ether extract may replace or complement the,-carotene effect. In the course of these studies certain refinements in techniques for isolation of chloroplasts and for measuring photochemical activity were introduced.
The discovery in this laboratory by Lynch and French (1) that A3-carotene partially restores the photochemical activity lost by petroleum ether extraction of chloroplasts suggests that this pigment is ain active component of the photosynthetic mechanism. This observation prompted the present inquiry to determine whether ,8-carotene is specific for such reactivation or whether other fat soluble components in the petroleum ether extract may replace or complement the,-carotene effect. In the course of these studies certain refinements in techniques for isolation of chloroplasts and for measuring photochemical activity were introduced.
Lynch and French (1) found that the extracted material usually retained a substantial fraction of its original activity, and that readdition of the petroleum ether extract restored its photochemical activity to a larger extent than did the addition of pure ,8-carotene. In the present work, we found it possible to reduce the activity by petroleum ether extraction nearly to zero by changing the method of isolating the chloroplast material. The reactivating effect of a number of substances other than /8-carotene was tested. None of these equalled the reactivation effect of adding back the intact petroleum ether extract.
MATERIALS AND METHODS Chloroplasts were isolated by two procedures from Swiss chard (Beta vulgaris L., var. cicla) and from pokeweed (Phytolacca americana L.), and were lyophilized. One method, that employed by Lynch and French, is similar to those used by a number of other investigators. Chloroplasts are released from leaves in a Waring blendor with ice-cold 0.5 M sucrose solution in 0.025 M phosphate buffer, pH 7.5. The other isolation technique substitutes 15 % methanol for 0.5 M sucrose, in the same buffer solution. This modification is based on the previous observation in this laboratory (2) that dilute solutions of methanol stabilize the photochemical activity of aqueous suspensions of chloroplast material.
Optimal homogenization of leaf material was obtained with a ratio of 200 g of chard or 150 g of pokeweed to 300 ml of solution. Fresh leaves were weighed after removal of midribs. After homogenizing one minute in the blendor, large leaf debris was removed by forcing the suspension through an ordinary household strainer. This facilitated filtration through closely woven muslin to remove the rest of the debris. The chloroplast material was sedimented at 10,000 x G for 30 minutes. Lyophilization was facilitated by partial removal of the sucrose by resuspending and washing the first plastid sediment in ice-cold distilled water. After this treatment, a thick suspension of the plastids was deposited on the inner wall of the lyophilizing flask by immersing it in a mixture of dry ice and Cellosolve. The washing step was omitted when the methanol-buffer mixture was used. Isolation and subsequent treatment of the chloroplast material was done in a cold room or a cold water bath.
Determination of chlorophyll content of lyophilized chloroplasts, necessary for calculation of photochemical activity in absolute units, was carried out bv the method described by H. W. Milner et al (2).
Petroleum ether used for extraction of dry chloroplasts was distilled in glass and two fractions, boiling point 26 to 50 and 50 to 700 C, were collected. Dry chloroplasts, 24 mg, were extracted in a homogenizing tube with a closely fitting Lucite plunger by two grinding treatments at 50 C with 12-ml portions of petroleum ether, applying 12 strokes of the plunger each time. Following each extraction treatment, the chloroplasts were centrifuged for 5 minutes at 1000 x G. The decanted extracts were pooled and retained. The petroleum ether extracted plastids were then resuspended in 12 ml of cold low-boiling petroleum ether. Before photochemical measurements, a 2-ml portion of the well-stirred suspension, containing 4 mg of chloroplasts, was transferred to the homogenizer. The petroleum ether was evaporated at reduced pressure with continuous shaking. The evaporation kept the chloroplasts cold. Either a portion of the original petroleum ether extract, or of a petroleum ether solution of some substance to be tested, could be added to the tube and mixed by homogenization with the chloroplast suspension before evaporating the petroleum ether. After removal of the petroleum ether, the plastids were resuspended for photochemical activity measurements by homogenizing with 10 ml of 15 % methanol in 0.04 M phosphate buffer, pH 6.5.
Chloroplasts lost their activity very rapidlv (as much as 50 % in 30 minutes in the cold) when suspended in aqueous phosphate buffer, following the technique of Lynch and French. However, when 15 % methanol was substituted for the aqueous component of the phosphate buffer, the photochemical activity of chloroplasts stayed intact for as long as one hour, even at room temperature.
Photochemical measurements were made with a Beckman DK-2 spectrophotometer, using 4-ml glassstoppered cells with one window of opal glass, this window being to the rear of the cell compartment. A 3.5-ml aliquot of the 10-ml chloroplast suspension was placed in a cell. Its absorbance value at 600 mju (the absorption maximum of 2,6-dichlorophenolindophenol) was recorded as a line on the paper. Then 0.5 micromole of dye was added (0.5 ml of 0.001 M dye in 0.04 M phosphate buffer, pH 6.5), the cell contents mixed, and the absorbance of the mixture recorded. The optimum dye concentration was predetermined by using screens to find the maximum permissible value which would permit maintaining light saturation. Addition of the dye increased the absorbance of the suspension by approximately 0.5. The Beer-Lambert law was found to hold for this system, so that absorbance values for the dye could be related directly to its concentration.
After recording the absorbance of the chloroplastdye mixture, the cell was removed from the holder and illuminated at 6000 ft-c for successive 30-second intervals. After each illumination, the photochemical activity produced was recorded in terms of decrease in absorbance. The paper was moved a centimeter to the left after the recording of each point. The suspension was mixed thoroughly before and after each illumination. Although the activity during the first one half minute is of primary concern, since it indicates the initial activity, four more illuminations were usually made in order to verify the trend of the dye reduction.
A typical example of raw graphical data obtained in this way, using freshly isolated and lyophilized chloroplasts from pokeweed, is shown in figure 1. Activity measurements in terms of dye reduced are based on graphical extrapolation of the first 30-second rate to one minute, and use of the following formula for calculations: Activity (micromoles dye reduced Ax 60 xB per mg chlorophyll per hour) C x D x E' A = percentage of the dye reduced by one minute of illumination (extrapolated graphically from first one half minute period). B = micromoles of dye added before illumination. C = milliliters of aqueous buffered suspension of chloroplasts. D = milligrams of chloroplasts per ml suspension. E = percentage of chlorophyll in chloroplasts. In the case illustrated by figure 1, measurement of the extrapolated one half minute value showed dye reduction at the rate of 69.2 % per minute. Thus the photochemical activity was 3.5
x 0.4 9 = 155
(micromoles dye/mg chlorophyll/hour). Figure 1 shows that the decrease in dye concentration with time is not linear, but follows a more or less logarithmic form. With prolonged light exposure this downward dye bleaching curve would turn upwards again due to a photooxidation whose rate eventually exceeds that of the photoreduction.
A number of fat-soluble compounds were added in petroleum ether solution to extracted chloroplasts Extracted methaniol-prepared chloroplasts were inhibited in increasing order by mixed tocopherols, wheat germ extract, ergosterol, stigmasterol and phytol.
THE ANOMIALOUS EFFECT OF CHOLESTEROL: Early in the work it was observed that cholesterol appeared to activate some preparations of extracted chloroplasts and to inhibit others. Later, it became apparent that cholesterol appeared to be effective for the plastids prepared witlh methanol, but inhibitory for sucrose-preparedl ones. Characteristic positive results are shown in table II. Definite reactivation was observed with preparation VI (line 32). However, other methanol-prepared chloroplasts exhibited only small reactivation with cholesterol (lines 19, 24). Two samples of the sterol were used, one from Eastman Kodak Co. that had been on hand for a number of years, the other a fresh lot from Nutritional Biochemicals Corp. N\o reactivation by cholesterol was comparable to that by :-carotene. It seems probable that the effect of cholesterol may be rationalized either on the basis of its structural similarity to a compoun(l in chloroplasts vital to photochemical activity, or to some impurity in the cholesterol. Since cholesterol is not a normal constituent of chloroplasts, and other sterols from plant sources produced no reactivation, weight is added to the possibility that some contaminant in the cholesterol was responsible. duction of the carotenoid band) which could be relatecl to the drastic change in activity. The petroleum ether extract of this preparation showed strong absorption bands of carotenoids. Chlorophvll bands were absent. On the other hand, when a chloroplast preparation is extracted exhaustively with low-boiling petroleum ether, then is re-extracted with the highboiling fraction, a significant amount of chlorophyll (red band) appears in the high-boiling extract, with carotenoids virtually absent. The reduction in photochemical activity of chloroplasts extracted with highboiling petroleum ether (table I) 
SUMMARY
Photochemical activity of lyophilized Swiss chard and pokeweed chloroplasts, measured by reduction of 2,6-dichlorophenolindophenol during illumination of aqueous suspensions, can be largely removed by petroleum ether extraction. The extracted plastids are readily reactivated by /3-carotene, and to a lesser extent by a-carotene, cryptoxanthin, and lutein.
Substitution of 15 % methanol for 0.5 M sucrose during isolation of the chloroplasts facilitated lyophilization and permitted virtually complete removal of activity by brief treatment with low-boiling petroleum ether. Reactivation effects were more clear-cut with methanol-prepared chloroplasts. Buffered 15 % methanol solution also markedly inhibits the rapid loss of photochemical activity found when chloroplasts are suspended in a buffered sucrose-containing medium. Absorbance spectra of aqueous suspensions of petroleum ether extracted chloroplasts in the visible range, as well as of various petroleum ether extracts, (1o not explain the loss of activity of chloroplasts by extraction, except for the involvement of ,/-carotene.
In every case of reactivation by /3-carotene the effect was modest in comparison with the activity of unextracted plastids, as well as with the activation produiced by adding back even small amounts of the petroleum ether extract. For this reason it is inferred that substances other than /3-carotene also contribute to the reactivation. Of the substances tested, a-carotene, lutein, cryptoxanthin, and sometimes cholesterol had an activating effect.
Fat-soluble substances that inhibited the residual activity of extracted chloroplasts were corn oil, white mineral oil, mixed tocopherols, paraffin, wheat germ extract, ergosterol, stigmasterol, phytol, ethyl oleate, and lecithin.
The results suggest that the reactivation may be due in part to a molecular fragment common to carotenoids and to some non-carotenoid fat-soluble compounds as well. Growtlh of peas (Pisum sativum) has been studied extensively in the Earhart Plant Research Laboratory, primarily in terms of stem elongation (4). In the present paper some experiments are presented in wh-ich dry matter production in peas has been followed.
Unica pea plants (Pisum sativum), started from unvernalized seeds, were grown in a 1: 1 mixture of vermiculite and gravel and were watered three times a week with nutrient solution. After 20 days at 200 C day-temperature and 140 C night, 165 individual plastic cups (February 17, 1956 ). Twentyone plants were immediately harvested while the remaining 144 were distributed over four treatments to allow four successive harvests of 9 plants each.
Treatments were as follows: 8 hours artificial light (800 to 900 ft-c) and 16 hours darkness at the following temperatures: 10/10, 10/20, 20/10, and 20/20 (photo-and nycto-temperatures respectively). Harvests were carried out at 8-day intervals; various measurements and/or dry weight determinations were made on harvested and remaining plants. Leaf 
